INTRODUCTION
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◊ that predispose cattle to liver abscess and acute and subacute ruminal acidosis negatively impacted feed intake and growth in the feedlot (Owens et al., 1998; Rezac et al., 2014a) , causing additional decreases in profit as a result of BW gain not realized. Fusobacterium necrophorum is commonly found in the rumen of cattle and invades rumen lesions caused by acidic conditions, enters the blood, is filtered by the liver, and infects the liver, leading to abscesses (Tadepalli et al., 2009) . Ruminal acidosis and liver abscess will respond to artificial selection if they are affected by genetic variation. Ruminal acidosis depends, to some extent, on ruminal microbes, and there are differences in rumen microbial communities between ruminant species. The composition of cellulolytic bacteria in the rumen was different between cattle and bison (Varel and Dehority, 1989) . Differences in the rumen microbiome were observed among steers selected to be extreme for feed efficiency (Myer et al., 2015) ; however, host differences between selected groups might not be genetic. In the mouse, host genetics influences gut microbiota, which, in turn, modulates host metabolism (McKnite et al., 2012) . We hypothesize that host factors exist that affect susceptibility of cattle to subacute acidosis and subsequent liver abscess. Our objective was to associate SNP with liver abscess incidence in cattle in a beef processing plant.
MATERIALS AND METHODS
The animals sampled in this experiment did not originate from and were not under the control of the U.S. Meat Animal Research Center (USMARC). Therefore, animal procedures were not reviewed and approved by the USMARC Animal Care and Use Committee. Animals were humanely harvested in a federally inspected packing plant and samples were collected postmortem.
Lung Sampling
We sampled lungs as a source of DNA because they are a rich source of DNA; lungs are of low economic value, so we had unrestricted access to collect a sample from them; and it was relatively easy to identify the lung and liver for an animal based on position on the table. We sampled 2,304 lungs from a large central Nebraska commercial beef processing plant across 10 d over a 5-wk period with 2 sampling days per week. Fifteen to 20 lots (or pens) were processed per 8-h shift with an average of 150 animals in a lot. We sampled from the plant work shift from 0600 to 1500 h. Generally, there were multiple case/control pairs per lot sampled. Lungs were sampled from the moving viscera table when livers with different phenotypes (abscess vs. no abscess) were in close proximity. Requiring variation in liver abscess in close proximity on the viscera table before extreme samples were collected increased the probability that divergent liver phenotypes were matched by source and, by proxy, breed ancestry. Liver abscesses were identified by 1 veterinarian (i.e., coauthor S.A. Jones) with extensive experience in liver pathology. Livers were scored as abscessed if they had moderate or severe abscesses and were condemned for abscesses by the Food Safety and Inspection Service (FSIS) inspectors. Livers were scored as not having an abscess (control) if there were no visible abscesses and they were not condemned by the FSIS inspector.
Sample Preparation and Pooling
Sample preparation was similar to Keele et al. (2015) . Five-to 10-g lung samples from the viscera of animals with liver abscesses (case) or no liver abscess (control) were placed on ice immediately after collection, frozen (-20°C) within 10 h after collection, and stored frozen for 5 to 14 mo until processing for pooling. One 1.2 mm diameter × 5 mm length cylindrical core per animal was taken from a partially thawed lung sample for each of 96 animals of the same phenotype (abscess or no abscess) and combined in a single tube to create a pool. Twelve pools were constructed for each phenotype (abscess or no abscess) for a total of 24 pools.
The combination of the pooling and sampling processes ensured that abscess and no-abscess pools were matched by proximity in the processing line. Samples were labeled by collection order within phenotype (abscess or no abscess). The first 96 abscessed animals made up the first abscess pool, the second 96 animals made up the second pool, and so on. Likewise, a similar process was used to make the no-abscess pools. Deoxyribonucleic acid was isolated from the pooled lung sample by a standard salt extraction procedure. In a pilot project, we compared this procedure of pooling lung samples before extraction with pooling of DNA after extraction of individual lung samples. We found that pool construction variation was not affected by the method used to construct pools (data not shown).
Deoxyribonucleic acid from pools was sent to Neogen Corporation (Lincoln, NE) for analysis with the Illumina BovineHD Bead Array (777,962 SNP; Illumina, Inc., San Diego, CA).
Statistical Analyses
Two variables were analyzed: total intensity (TI) of red and green dyes (Steemers et al., 2006) and pooling allele frequency (PAF). Pooling allele frequency (Peiris et al., 2011) was computed as red intensity divided by TI. Pooling allele frequency is an estimate of the frequency for the A allele. Total intensity estimates copy number ◊ variants (CNV). Copy number variants are indicated when there are concordant increases or decreases in the log 2 of the TI divided by the reference TI for individual animals for multiple neighboring SNP (Wu et al., 2015) . In the current study, we assume that an association of TI with liver abscesses in pools might indicate an association with CNV; however, the CNV is most likely just a marker in linkage disequilibrium with causative variant, which is not necessarily a CNV. We are not requiring concordant changes in TI among multiple neighboring SNP, so TI might also reflect differences in hybridization efficiency because of cryptic SNP in the 5′ region of the 50-bp probe adjacent to the target SNP (Steemers et al., 2006) instead of CNV. Population stratification and outliers for TI and PAF were visualized using a neighborjoining tree constructed from Euclidean distances among pools computed across all SNP using the ape package and the dist() function of R (R Core Team, 2014).
Initially, SNP were eliminated from the analysis if there were missing data for any of the pools. For the analysis of PAF (but not TI), SNP were eliminated if minor PAF was less than 1%: 1 -PAF if PAF > 0.5 or PAF otherwise. For TI, 3,702 SNP had missing data for red or green intensity, which we eliminated from further analysis, leaving 774,260 SNP. For PAF, there were 6 additional SNP with missing data because TI was 0, which is the denominator when computing PAF; hence, PAF was undefined for these SNP. Consequently, for PAF, 3,708 SNP were eliminated from the analysis because of missing data and 154 were eliminated because of minor allele frequency less than 1%, leaving 774,100 SNP for analysis.
Effects of phenotype (abscess or no abscess) on individual SNP PAF were estimated and P-values computed based on mixed model methods similar to McDaneld et al. (2014) . Briefly, the average covariance matrix (A) among pools was computed across all SNP to account for population stratification and technical errors common to all SNP on an individual pooled sample on a SNP array. The average covariance matrix for PAF used the same methodology as Keele et al. (2015) . The average covariance matrix for TI was computed as the covariance among standardized deviations of TI from the SNP mean divided by the SNP SD. Deviating TI from the SNP mean removed SNP variation from the estimated covariance and standardizing (dividing by) with the SNP SD ensured that SNP were given equal weight in computing the covariance. Single nucleotide polymorphisms with 0 SD were removed from further analysis (n = 1). The F test with numerator and denominator df of 1 and 22 (24 pools -1 df for the difference between pools -1 df for the mean), respectively, were used to compute P-values using the pf() function in the R software package. The SNP were considered significant if they achieved a false discovery rate (FDR) ≤ 5% (Benjamini and Hochberg, 1995) . The list of P-values was interrogated for evidence of population stratification using the lambda value from genomic control and quantile-quantile plots (Devlin and Roeder, 1999; Zhao, 2007 Zhao, , 2015 . Genes within 50 kbp from significant SNP were identified using BioMart (Smedley et al., 2015) , and genes were associated with Kyoto Encyclopedia of Genes and Genomes (KEGG; Kanehisa and Goto, 2000; Kanehisa et al., 2014 ) pathways using The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.7 (Huang et al., 2009) .
The effect of genetic variance on quantile-quantile plots was evaluated using simulation based on mixtures of 99.5% central and 0.5% noncentral χ 2 distributions. Three different P-value lists were simulated. For each list, 774,072 (99.5%) were simulated from a central χ 2 distribution with 1 df and 3,890 (0.5%) were drawn from a noncentral χ 2 distribution with 1 df and noncentrality parameter equal to 2.5, 5, or 10, with the noncentrality parameter held constant within the list. The P-values were computed as the integral of the central χ 2 distribution from the simulated value to infinity using pchisq() in R. Quantile-quantile plots were computed using gap (Zhao, 2007 (Zhao, , 2015 .
RESULTS

Population Structure
Population structure was characterized using neighbor-joining trees ( Fig. 1 and 2 ). For both PAF and TI, the trees did not have a central node with equallength branches to individual pools (star configuration). We used mixed model methods (see Materials and Methods) to account for population structure at the expense of power (Segura et al., 2012) . If our trees had been a star configuration, we would most likely have identified more SNP because of increased power. The mixed model method is expected to reduce bias (false positives) at the expense of reduced power (Segura et al., 2012) . The trees indicate substantial clustering of pools with a quite different tree for PAF compared with TI ( Fig. 1 and 2 ). The same 2 control pools were divergent for both PAF and TI. Our method gives these divergent control pools less emphasis in the analysis, which is true regardless of the reason for divergence. Certainly, if these pools were not divergent, the experiment would have had greater power, and we would likely have detected more associated SNP if the pools were not divergent (Segura et al., 2012) . The tree structure is ambiguous as to whether the outliers are technical problems or genetic outliers. The fact that the divergent pools are similar to each other argues against ◊ a technical problem and supports the possibility that they are genetically divergent. However, the divergent control pools were not near their corresponding case pools, which were sampled near them on the viscera table, which suggests a technical problem. The PAF tree is similar to a star configuration (nearly equal branch lengths from a central node) with the exception of the 2 divergent pools (Fig. 1) . In contrast, the TI tree shows the liver abscess pools primarily at opposite ends of a fairly long axial branch with most of the control pools distributed between the 2 extremes (Fig. 2) . One exception is a control pool clustered closely with 2 abscess pools near the bottom of the tree.
Single Nucleotide Polymorphism Association
Genomic control lambda (Devlin and Roeder, 1999; Zhao, 2007 Zhao, , 2015 estimates the discrepancy of P-value distributions from the expected uniform distribution under the null QTL model. Lambda values near 1 support the null QTL model and population homogeneity, values greater than 1 indicate population stratification or true QTL, and values less than 1 indicate P-value deflation, which is usually the result of overadjustment for population stratification. Genomic control lambda was 0.9 for PAF and 0.8 for TI, indicating that mixed model methods slightly overcorrected for population stratification, resulting in a deflated distribution of P-values relative to the distribution expected when there is no true association. If the lambda value was closer to 1, we would have expected to observe a list of SNP with FDR ≤ 5% longer than 35 with everything else being equal. However, we observed substantial curvature in the quantile-quantile plots of -log 10 (P-value; Fig. 3 [PAF] and Fig. 4 [TI]) for liver abscess, which is consistent with there being genetic variation in susceptibility to liver abscesses. Simulation results indicate that the amount of curvature or change in slope for quantile-quantile plots is related to the amount of genetic variation in the trait or sample size (Fig. 5) . In our simulations, we varied genetic variation by changing the noncentrality parameter for the χ 2 distribution. The number of SNP achieving a FDR of 5% for association with liver abscess was 15 for PAF (Table 1) and 20 for TI  (Table 2) . We observed no intersection between the PAF and TI lists, which is to be expected for 2 reasons. First, both SNP lists are relatively short, so the probability of overlap is quite low given the lack of extreme P-values dramatically lower than the significance threshold, indicating modest power even for the most significant SNP. Second, significant TI associations are most likely the result of non-Mendelian variation, which would not necessarily be associated with Mendelian variation predominant with PAF.
Functional Analysis
Chromosomal regions encompassing 50 kbp on either side of 35 significant SNP were submitted to BioMart (Smedley et al., 2015) , which identified 49 genes. Of these, 39 were found in the DAVID bovine gene list (Huang et al., 2009 ) and 15 were mapped to KEGG pathways (Kanehisa and Goto, 2000; Kanehisa et al., 2014 ; Supplementary Table S1 [see the online ver- No KEGG pathways were enriched with genes from our list. Identified pathways were involved in sensing and regulating pH in the gastrointestinal tract; repair of liver damage; neurological development and function; axon guidance; gap junction; taste; smell; taste transduction; calcium signaling, nucleotide-binding oligomerization domain (NOD)-like receptor, Notch, chemokine, adipocytokine, Hedgehog, and insulin signaling; antigen processing; spliceosome; endocytosis; and phagocytosis.
DISCUSSION
Gene Functions
Thirty-five SNP on 17 autosomal chromosomes and the X chromosome (sex distribution in pools is unknown) were associated with liver abscess with a FDR of 5%. The expected number of false positives out of the 35 positives is 1.75 (0.05 × 35). Two P-value lists were interrogated, 1 for PAF and 1 for TI, so we divide 0.05 by 2 to evaluate the distribution of false positives and estimate the upper confidence limit at the 97.5 percentile. Assuming a Poisson distribution with a lambda value of 0.05 times the number of positives for the upper 97.5 percentile [1 -(0.05/2)] of the false positive distribution would be 3 for both PAF and TI, indicating that at least 29 [35 -(2 × 3)] of the 35 significant associations are true positives with high probability. Hence, the expected value of true positives is 33.25 with a lower 95% confidence limit of 29. An alternative and equally valid approach would be to combine the P-value lists and perform 1 FDR analysis. This approach yields 34 positive SNP with an expected value of 32.3 true positives and a lower 95% confidence limit of 30, so both approaches for estimating the 95% confidence interval of number of true positives yields similar inferences for these data.
Curvilinear quantile-quantile plots of P-values ( Fig.  1, 2 , and 3) indicate substantial polygenic variation in liver abscess, which was not declared significant with the number of pools and pool sizes used in this experiment. Our results (evidence of both detected SNP effects and cryptic polygenic variation) indicate that liver abscess is partially under genetic control and would be expected to respond to selection of sires based on genetic evaluation using phenotyped relatives and/or SNP.
There is little doubt that an animal that develops a liver abscess will likely experience decreased productivity; hence, one might expect that the beef industry's current efforts to select for postweaning BW gain in the seed stock sector might be decreasing the incidence of liver abscess as a correlated response. However, segmentation of the beef industry into seed stock and commercial sectors with selection occurring only in the seed stock sector may be preventing this desirable correlated outcome. Conversely, selection for growth of bulls in the seed stock sector could increase liver abscesses of finishing steers and heifers in the commercial sector. When we select for growth, we increase appetite and feed intake. Cattle with higher intakes on a feedlot diet will be more susceptible to acidosis. Most selection pressure happens at the seed stock level in growing bulls and replacement heifers, and these animals are fed and managed to main- ◊ tain good health. So we do not "push" the replacement bulls and heifers in a seed stock setting to the same extent as feedlot animals on a higher energy diet. So in the selection candidates, selection for increased growth is possible, without the negative feedback from acidosis and liver abscesses. It creates the argument that data from feedlots under typical commercial feeding programs (as was done in this experiment) is required to train predictions for genomic selection of seed stock, instead of data from replacement bulls and heifers, which is the majority of data at the moment. Steers with a greater genetic propensity for growth and the correlated trait of intake will be more susceptible to liver abscesses. This concept is supported by evidence in this study that polymorphisms in olfactory receptor genes are associated with liver abscess and the possibility that olfactory receptors might influence intake via sensitivity (or the lack there of) to dietary components (see Discussion).
Functions of 15 genes near significant SNP encompassed many diverse pathways and biological functions (Supplementary Table S1 ; see the online version of the article at http://journalofanimalscience.org), which is not surprising given the complexity of the phenotype. Liver abscess is known to be impacted by acute and subacute acidosis, which results from low pH caused by rapid metabolism of soluble carbohydrate in the rumen and the overgrowth of a few species of ruminal microbes that are tolerant of low pH. Fusobacterium necrophorum is a major bacterial cause of liver abscess (Tadepalli et al., 2009) . Fusobacterium necrophorum is a common bacterium within the rumen; however, under conditions of low rumen pH, it invades rumen abscesses, gains access to the circulatory system, is filtered by the liver, and causes infection and, ultimately, abscesses in the liver. The liver is well defended by immune cells; however, when many bacteria escape the rumen, they overwhelm these defenses.
In addition to a soluble carbohydrate diet, fluctuation in meal sizes, varying daily feed intake, and small particle size in the diet can predispose the animal to bouts of acidosis and liver abscess; hence, genetic defects in appetite control or satiety signals may also affect liver abscess incidence.
Two genes near significant SNP, acid-sensing (proton-gated) ion channel 2 (ASIC2) and thromboxane A2 receptor (TBXA2R), have functions related to acidosis and/or liver function and both are abundantly expressed along the gastrointestinal tract of cattle based on the Bovine Gene Atlas (Harhay et al., 2010) . First, ASIC2 (or ACCN1) is one of the acid sensing ion channel proteins expressed throughout the gastrointestinal tract and the liver to detect unhealthy deviations in acidity and maintain pH homoestasis (Holzer, 2015) . Second, TBXA2R is part of a signaling pathway that aggregates platelets at the site of liver injury and facilitates liver repair (Minamino et al., 2015) .
One of the defenses in the liver against invading bacteria includes phagocytosis by leukocytes and Kupffer cells. Nearby a significant SNP is a gene, phosphatidylinositol-4-phosphate 5-kinase, type I, γ (PIP5K1C), that codes for a protein involved in Fc γ R-mediated phagocytosis (Supplementary Table S1 ; see the online version of the article at http://journalofanimalscience.org). Other pathways that interact with Fc γ R-mediated phagocytosis are calcium signaling, regulation of actin cytoskeleton, endocytosis, and lysosome, all of which contain genes near our significant SNP. Other genes near significant SNP are in the leukocyte transendothelial migration pathway, which is the process by which leukocytes get from the blood stream into tissues such as the liver and rumen wall.
Acidosis has been reported to trigger expression of solute carrier family 38, member 3 (SLC38A3) to produce SNAT3 in the kidney, which transports glutamine from the blood into the kidney, resulting in the production of bicarbonate and normalization of pH (Balkrishna et al., 2014) . The Bovine Gene Atlas did not show large amounts of SLC38A3 in the kidney or other gastrointestinal tissues, which might be a reflection that the animals sequenced to generate the expression tags were not undergoing acidosis so their expression would not be expected to be high.
The olfactory receptors such as OR8J1 (Table 1 ) may be important for the animal sensing the food that ◊ it is eating and whether or not consuming more food is compatible with maintaining pH homeostasis in the gastrointestinal tract. Genetic mutations in olfactory receptors might compromise the animal's ability to sense what they are eating or adjust their food consumption and selectivity accordingly.
Distribution of P-Values
When genetic variation in a trait is polygenic or influenced by a large number of loci, we expect the P-values produced by a genomewide association study to follow a mixture distribution. As a result, 1 kernel or component distribution corresponding to SNP with 0 effect would follow a uniform distribution. The other kernel corresponding to SNP in linkage disequilibrium with loci affecting the trait would have a nonuniform distribution with greater density for smaller P-values. A quantile-quantile plot of -log 10 (P-values) for a polygenic trait is expected to show curvature with the slope transitioning from 1 to a larger value. As the genetic variation or sample size for the experiment increases, the curvature becomes sharper and the slope transition becomes more rapid as demonstrated by our simulations presented in Fig. 5 . Higher noncentrality, which is a proxy for genetic variance, sample size, and allele frequency, results in increased power; noncentrality is proportional to genetic variance (or QTL effect squared), inversely proportional to sample size, and higher for intermediate allele frequencies than for alleles that are nearly fixed at 0 or 1. Our simulation results demonstrate that quantile-quantile plots are fairly sensitive to modest amounts of genetic variation relative to sample size even though the power to detect this polygenic variation at the genomewide level would be very small, which explains why quantile-quantile plots can have substantial curvature even though few SNP are detected at 5% FDR. We illuminate this by comparing the power for detecting a SNP at the 5% FDR level with and without adjusting for multiple testing. Using a nominal Type I error rate of 6.46 × 10 -8 = 0.05/774,260 to adjust for testing all 774,260 SNP results in very small power values of 6.5 × 10 -5 , 7.63 × 10 -4 , and 1.24 × 10 -4 for noncentrality values of 2.5, 5, and 10, respectively. On the other hand, using a nominal Type I error rate of 0.05 without adjusting for multiple testing results in power values of 0.35, 0.61, and 0.89 for noncentrality values of 2.5, 5, and 10.
Liver abscess is a polygenic trait with a relatively small number of loci with modest effects that are detected in this experiment. Also, curvature in the quantile-quantile plots ( Fig. 3 and 4) indicates that there are a large number of loci that are individually undetectable but would likely be detectable with larger experiments.
A feasible and cost-effective genetic evaluation system to reduce incidence of acidosis can be developed from functionally focused genetic variants in seed stock cattle that can be identified from differences in PAF among pools of commercial cattle with different phenotypes (liver abscess or no liver abscess). Reduced ◊ ruminal acidosis would be associated with increased performance, improved carcass quality, reduced cost, and increased revenue. Phenotypic data (liver abscess incidence) used to predict genetic evaluations would need to be from feedlot cattle fed high-concentrate diets, because seed stock cattle are managed so they are less likely to express the phenotype. Commercial feedlot cattle harvested in packing plants are not likely to be close first-or second-degree relatives to seed stock candidates being evaluated, so genomic evaluations based on unweighted genotypes from standard SNP genotyping platforms may not be accurate. Predictive genomic relationships would need to be computed using genotypes of SNP targeted to chromosomal regions containing genes coding for proteins that functionally affect liver abscess or SNP in tight linkage disequilibrium with these genes. It might be possible to impute genotypes for functional loci from standard genotyping platforms depending on allele frequencies and linkage disequilibrium. Maybe a selection of SNP from the emerging functional array would work, but additional research needs to be done to identify the best collection of SNP. It seems that the less functional the SNP platform, the less genetic distance there can be between the seed stock candidates and the commercial pools used to accurately predict their merit.
Research is needed to identify functionally targeted SNP, those SNP that are in tight linkage disequilibrium with variation underlying liver abscesses. Costs of genetic evaluation could be reduced if it is possible to accurately estimate the genetic relationship between the functional regions of the seed stock candidates and the analogous functional regions of commercial feedlot cattle with pooled samples.
Finally, it has long been known that selection response is proportional to additive genetic variation. Selection of phenotypic extremes (as was done with the current study) obscures our ability to estimate the amount of genetic variation accounted for by identified SNP. The genetic variation that is associated with the SNP we have identified is most likely incomplete.
Conclusions
Incidence of liver abscesses in feedlot cattle fed high levels of soluble carbohydrate is a heritable trait with a small number of loci (n = approximately 33) having moderate effects and a large number (over 1,000) with small effects. Genetic variation in incidence of liver abscess includes variation in genes that regulate gastrointestinal pH and liver repair following injury and affect function of immune cells. Acute and subacute ruminal acidosis would likely decrease in response to selection of bulls using genetic evaluations 1 Total intensity is the sum of red and green dye intensity.
2 MSE = mean squared error.
3 Positions are given on the UMD3.1 build (https://ccb.jhu.edu/bos_taurus_assembly.shtml; accessed Oct. 9, 2015).
